Introduction
The baculovirus-silkworm expression system has several advantages over other recombinant protein expression systems in producing recombinant secretory proteins [1] . Most importantly, this system permits, at least in part, posttranslational modifications of proteins found in mammalian cells [2, 3] . Under the control of a strong polyhedrin promoter, recombinant proteins are expressed at extremely high levels and accumulate within a cell or are secreted into hemolymph [1] . However, in some cases, a protein of interest is secreted at a low level and a large amount of the protein remains in the cell. One possible explanation for this observation is that some or all of the secreted proteins were unable to translocate into the endoplasmic reticulum (ER) lumen. The N-terminal signal peptide is a key factor in determining the efficiency of ER translocation from ribosome to ER membrane. Several studies have demonstrated that recombinant proteins can be produced with a high yield by replacing signal peptides in lytic and nonlytic insect expression systems [4] [5] [6] . However, there have been few reports regarding the optimal signal peptide that facilitates efficient protein secretion in the baculovirus-silkworm system, which is a high-scale expression system compared with the insect cell system.
A signal peptide consists of three regions: a positively charged amino-terminal region (N-region, 1-5 residues), a central hydrophobic region (H-region, 7-15 residues), and a more polar carboxy terminal region (C-region, 3-5 residues) [7, 8] . Although the compositions of amino acids and lengths of signal peptides are highly diverse among protein species, the overall structure of these three functional regions is conserved [9] . During nascent peptide-chain synthesis on ribosomes bound to the ER membrane, a signal recognition particle (SRP) binds to the H-region of the signal peptide. Subsequently, the complex consisting of the SRP, the nascent chain, and the ribosome binds to the SRP receptor on the ER membrane. The SRP and its receptor dissociate from the nascent peptide chain, and the signal peptide then binds to the translocon; the N-region of the signal peptide is electrostatically attracted to negatively charged phospholipids on the cytoplasmic surface of the ER membrane [10] . After the signal peptide is inserted into the translocon by forming a loop structure, the C-region of the signal peptide is recognized and cleaved by signal peptidases in the ER lumen. Finally, the nascent peptide chain is completely translocated into the ER lumen and is folded correctly.
In the present study, we attempted to compare the efficiency of different signal peptides derived from various sources in enhancing secretion yield. As the target proteins to be secreted, we used two proteins, Pseudolabrus sieboldi luteinizing hormone and Homo sapiens Dickkopf-related protein 2, for both of which it was difficult to achieve a high level of secretion in our preliminary experiments.
Experimental Procedures

Cells and silkworm strain
Bombyx mori cell lines BmN4 and Bme21 were provided by Dr. Chisa Aoki of Kyushu University Graduate School. The cells were maintained in IPL-41 medium (GIBCO Invitrogen) with 10% fetal bovine serum (GIBCO Invitrogen). The cells were grown at 27°C and split at an approximate ratio of 1:2 every 4-5 days. Before use for transfection, the medium was replaced by COSMEDIUM 009 serum free medium (Cosmo Bio). The d17 silkworm strain used in this study was provided by Institute of Genetic Resource, Graduate School of Agriculture, Kyushu University, Japan [11] . Larvae of this strain were routinely reared on mulberry leaves in a silkworm-rearing room under controlled environmental conditions at 25 to 27°C.
Construction of entry clone
To compare the secretion efficiency among different signal peptides, pENTR11 (Invitrogen) based entry clones were constructed by PCR mutagenesis. First, to improve translation efficiency, a lobster L21 sequence was added at an N-terminus of pENTR11 by PCR mutagenesis with the primers L21-5 and L21-3 ( Table 1 ). The resulting plasmid was named pENTR11L21 [12] . To generate pENTR11L21TEVH8 ( Figure 1 ) containing C-terminal 8-histidine tag and TEV protease recognition sequences, sequential PCR mutagenesis was performed. For the first round of PCR, the primers pEntr11TEV1-5 and pEntr11TEV2-3 (Table 1) were used, and the PCR product was ligated and transformed into Escherichia coli DB3.1 cells (Invitrogen). For the second PCR, the primers TEVH8-5 and TEVH8-3 ( Table 1) were used. After the purification of each vector, their nucleotide sequences were confirmed by direct sequencing using DNA sequencing with 3130xl Genetic Analyzers (Applied Biosystems Life Technologies, Japan).
Figure 1.
Construction of recombinant BmNPVs for protein secretion using different signal peptides. The upper illustration shows the map of the entry plasmid, pENTR11L21SPTEVH8. L21 is a leader sequence for enhancing translation efficiency. SPs represent the signal peptide coding sequences used in the present study. As a simple example, the amino acid sequence of the 30K signal is indicated in the middle. Tabacco etch virus (TEV) and His8 are the TEV protease recognition sequence and the 8-histidine tag, respectively. The cDNAs of interest were cloned into an EcoRV and XhoI site of pENTR11L21SPTEVH8. After the Gateway reaction, recombinant bacmid DNA was generated by transposition mediated by a mini-Tn7 element. Table 1 . List of primers used for this study.
For construction of pENTR11L21TEVH8 with different signal peptide coding sequences (named pENTR11L21SPTEVH8s; see Figure 1 ), the following primers were used for PCR mutagenesis: Bip-sp: Bip-5 and Bip-3, HBM-sp: HBM-5 and HBM-3, SSP-sp: SSP-5 and SSP-3, SSPm: SSPm-5 and SSPm-3, 30K-sp: 30K-5 and 30K-3, SP2-sp: SP2-5 and SP2-3 ( Table 1) . cDNAs for PsLH or HsDKK2 lacking native signal peptide were PCR amplified using the primers LH-5, LH-3XhoI, Dkk-5, and Dkk-3XhoI, respectively and cloned into the EcoRV and the XhoI sites of the 6 pENTR11L21SPTEVH8s ( Table 1) .
Construction of recombinant baculovirus
The 12 Bacmid transfer vectors were generated by Gateway LR reaction (Invitrogen) between pDEST8 and the 12 pENTR11L21SPTEVH8 derived plasmids. The pDEST8 based transfer vectors obtained were transformed into E. coli BmDH10Bac cells [13] . Recombinant bacmid DNAs were purified using the FlexiPrep kit (GE Healthcare Bioscience, Piscataway, USA) and transfected into Bme21 cells (9×10 5 cells per well) [14] with the CellFECTIN reagent (Invitrogen). The cells were incubated for 5 days, after which the recombinant P1 viral solution was collected and stored at 4°C. The P1 viral stock was further infected into Bme21 cells to generate the high-titer P2 stock. Correspondingly, the P3 stock was generated from the P2 stock. The high titer virus stocks were maintained and titrated according to the standard protocols [1] .
Recombinant protein production in silkworm
The recombinant baculoviruses were carefully injected into the hemocoel of silkworm larvae on day 3 of the 5 th instar at the dose of 1×10 5 pfu per larva using a microliter™ syringe with a 30-gauge needle (Hamilton Co., USA). Four days after infection, larval legs were cut and the hemolymph was recovered from each larva.
Western blotting
Recombinant proteins secreted in the hemolymph were electrophoresed on a 12% or 15% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel) and electroblotted onto polyvinylidene difluoride membranes (PVDF; Clear Blot Membrane P, Atto Corp., Tokyo, Japan) by the semidry method with the blotting buffer composed of 0.1% SDS and 0.05 M NH 4 HCO 3 . The membranes were blocked with 5% skimmed milk in 0.1% Tween-20 (1x TBST) and incubated with INDIATM HisProbe-HRP Antibody (Thermo Scientific, Pierce) for 1 hour. His-tagged target proteins were detected by chemiluminescence using the Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific, Pierce). The bands were exposed to X-ray films for 1 min.
Purification of the recombinant protein
The hemolymph containing the recombinant proteins was equilibrated in binding buffer (50 mM sodium phosphate, 0.5 M NaCl, 20 mM imidazole, 10% glycerol, 10 mM 2-mercaptoethanol, 1 mM PMSF, Complete EDTA-free (1 tablet/100 ml), 20 mM 1-phenyl-2-thiourea; pH 7.4) and centrifuged at 2,500´g for 5 min to remove insoluble matter. Then the supernatant was filtered through a 0.45 µm filter (Millipore, MA, USA) and applied onto a HisTrap HP column (GE Healthcare Bioscience). The recombinant proteins were eluted with a step gradient of imidazole (concentrations of 5, 20, 40 and 300 mM). Fractions were analyzed by SDS-PAGE. Gels were stained for 40 min with a modified Coomassie Brilliant Blue R-250 method [15] and de-stained with de-staining solution (20% methanol, 10% acetic acid) for 4 h.
NH 2 -terminal amino acid sequencing
After SDS-PAGE with a purified protein, each band was electroblotted onto PVDF membranes by the semidry method in accordance with the manufacturer's instructions. The blotting buffer was composed of 0.1% SDS and 0.05 M NH 4 HCO 3 . The sample was run at 2 mA/cm 2 of membrane area for 1 h with a semi-dry transblot apparatus (AE6675, Atto) and used for NH 2 -terminal amino acid sequencing by Edman degradation using a gas-phase sequencer (model 473A, Applied Biosystems, Foster City, CA, USA).
Results and Discussion
Signal peptides used for secretion in the baculovirus-silkworm expression system
In the present study, we used six signal peptides derived from several sources and compared their efficiency in achieving the secretion of recombinant proteins. Drosophila Bip signal peptide (Bip-sp) and honeybee melittin signal peptide (HBM-sp), which are popular secretion signals for the mass production of secretory proteins in insect cells, served as the controls for quantitative comparison [16, 17] . Bip is an abundant and highly conserved eukaryotic protein found in the ER lumen, and melittin is a principal component of honeybee toxin (Table 2 ) [18] [19] [20] [21] [22] . The other two signal peptides from endogenous secretory proteins, 30K Da protein (30K-sp) and storage protein 2 (SP2-sp), were employed because of their highest concentrations in silkworm hemolymph. In addition, we synthesized an artificial signal peptide (S-sp) designed from a consensus signal sequence. The synthetic signal peptide consisted of homopolymers of hydrophobic amino acids with 9 consecutive leucine residues in the hydrophobic region. We also constructed a synthetic signal peptide replacing two leucine residues with serines (S-sp m ) as a negative control. This mutation is thought to decrease hydrophobicity and break the alpha-helix structure.
In order to save the labor required to generate the recombinant Bombyx mori nuclear polyhedrosis viruses (BmNPVs), we used the Gateway cloning system (Invitrogen) and the Bac-to-Bac system [13] . For the first step, six entry plasmids with distinct signal peptide coding sequences were constructed (Figure 1) . The cDNAs for the target proteins were inserted into an EcoRV and XhoI site of the entry plasmids. After the insertion, the anterior half of the EcoRV recognition sequence, GAT, encodes the last amino acid residue of the signal peptide, D (See Table 2 ). As target proteins, we used two vertebrate proteins, pufferfish luteinizing hormone (PsLH) and human DKK2 (HsDKK2), and cloned them into six entry plasmids as described in the Experimental Procedures above.
Efficiency of recombinant protein secretion directed by each signal peptide
Using the 12 entry plasmids, recombinant BmNPVs were generated and injected into the hemocoel on Day 3 of the 5 th instar of silkworm larvae. Four days after injection, at the end stage of infection, the larval legs were cut and the hemolymph was collected from each larva. First, to compare the amount of recombinant PsLHs secreted in hemolymph, Western blotting analysis was performed using HisProbe-HRP antibody (Figure 2A) . Among the signal peptides tested, endogenous 30K and SP2 peptides were found to be the most efficient as expected, followed by HBM and the mutated synthetic signal peptides. Interestingly, the mutated synthetic signal peptide functioned as an efficient signal peptide, even though the secreted protein found in hemolymph had an intact signal peptide at its N-terminus. The S-sp m -PsLH with a non-functional signal peptide would be secreted through the ER and Golgi apparatus, since several proteins lacking a cleavable signal sequence, such as fibroblast growth factors (FGFs)-9 and -16, have been reported to be secreted by the conventional pathway [23, 24] .
Next, we compared the amount of HsDKK2 secretion with different signal peptides (Figure 2A) . Compared to PsLHs, the secretion amounts of HsDKK2 into hemolymph were relatively low. However, the secretion efficiency directed by each signal peptide was similar to that observed when using PsLH as a target protein; endogenous signal peptides were the most effective. Two distinct bands were detected in the Bip-sp and S-sp lanes. It is possible that these peptides were cleaved at unexpected sites. Since the upper band observed in the Bip-sp and S-sp lanes migrated to the same positions as those found in the HBM-sp, 30k-sp, and SP2-sp lanes, the lower bands would have been generated by an incidental cleavage at the HsDKK2 region.
Purification of PsLH and HsDKK2 and determination of their N-terminal amino acid sequences
Hemolymph from silkworm larvae infected with the recombinant BmNPVs expressing PsLH or HsDKK2 was recovered and the His-tagged recombinant proteins were partially purified using a HisTrap HP column. Target proteins (10 ml) eluted in 1 ml of 100 mM imidazole buffer were subjected to SDS-PAGE and stained with CBB R-250 ( Figure 2B ). The amount of protein in each band (marked by asterisks in Figure 2B ) was quantified with the ImageJ software using bovine serum albumin as a reference. With respect to PsLH, 166, 162, and 149 µg of the proteins, fused to the HBM, 30K, and SP2 signal peptides respectively, were purified from hemolymph of 15 silkworm larvae. Using the purified PsLHs, signal peptide cleavage sites were determined by N-terminal amino acid sequencing analysis. As shown in Table 3 , three signal peptides, HBM, 30K, and SP2, fused to PsLH were cleaved at the expected position, the NH 2 -terminal side of Asp (D). The N-terminal amino acid sequences of Bip-and S-sp-fused PsLH could not be determined, probably due to the low amount of secreted proteins. These results demonstrate that the endogenous signal peptides of major secretory proteins contribute to efficient translocation and cleavage. The endogenous signal peptide of 30K Da protein was found to be the most efficient in recombinant secretory protein production in the baculovirus-silkworm expression system.
